Si-rich Si 3 N 4 (SRN) thin films were investigated to understand the various defect states present within the SRN that can lead to reduced performance in quantum dot based devices made of these materials. The SRN films, deposited by low pressure chemical vapor deposition followed by furnace anneals over a range of temperatures, were determined to be comprised of two distinct phase separated SRN regions with different compositions (precipitates within a host matrix). Photoluminescence (PL) spectra showed multiple peaks convoluted together within the visible and near-visible range. Depending on deposition and annealing conditions, the films displayed changes in PL peak intensities which were correlated with chemical bonding utilizing x-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy, spectroscopic ellipsometry, and capacitance-voltage measurements. It is found that the PL originates from defect-state to defect-state and band edge to defect-state electronic transitions.
I. INTRODUCTION
The discovery of luminescence from porous silicon 1 in addition to studies on the formation of silicon quantum dots (QDs) [2] [3] [4] has opened the door to vast opportunities for Si CMOS-compatible optical, 5 electro-optical, 6 and memristive applications. 7 The precipitation of Si-QDs from Si-rich host matrices has been demonstrated as a means of achieving luminescence for these applications. Numerous methods for the deposition of Si-rich films have been utilized including pulsed laser ablation, 8 magnetron sputtering, 9 plasma enhanced chemical vapor deposition (PECVD), 10 and low pressure chemical vapor deposition (LPCVD). 11 The choice of host matrix plays an important role in the efficiency of these devices. Silicon nitride has a lower tunneling barrier than silicon oxide allowing an increase in the electron tunneling probability and more efficient transport of charge carriers than silicon oxide, making it more suitable as a host matrix for electroluminescent and photovoltaic devices. 12 Its resistance to impurity diffusion and moisture absorbance has made it an ideal material in semiconductor processing. 13 However, the defect density within the bulk and at the interface is significantly higher than its oxide counterpart. 14, 15 Additionally, Si dangling bonds (DBs) increase proportionately as the film becomes more Si-rich. 16 Previous reports of Si-rich Si 3 N 4 (SRN) and oxides 17 indicate that both QD and defect state effects can greatly impact the luminescence of these materials. Wang et al. 18 reported luminescence due to quantum confinement in annealed SRN samples due to Si nanoclusters when excited with a 514.5 nm laser and defect states due to Si and N dangling bonds were observed under 325 nm excitation. Hao et al. 19 showed that the red emission in their photoluminescence (PL) was due to quantum confinement whereas the green and blue emission was attributed to band tail recombination and Si-related defects. Kistner et al. 20 reported strong PL emission arising only from band tail recombination, not QDs, in SRN samples prepared by PECVD and annealed at high temperature. Other studies have demonstrated strong PL from defect states present within the silicon nitride. [21] [22] [23] While numerous studies have been conducted on these Si-QD systems, [24] [25] [26] there are still many issues that need to be addressed in order to explain the chemical state evolution, charge transport, and luminescence mechanisms arising from the defect states and/or the Si-QDs. Therefore, the primary focus of this work is to correlate the chemical bonding and luminescence properties of the SRN thin films upon deposition and high temperature anneals and to describe this correlation in light of detected defect states.
II. EXPERIMENT
The SRN films were deposited on n-type Si(100) wafers (doping density $ 10 17 cm
À3
), which were first cleaned in RCA followed by dilute HF (100:1) etching for 1 min to remove the native oxides. The deposition was performed in a Tystar LPCVD furnace with a constant gas flow ratio of SiH 2 Cl 2 :NH 3 of 6:1 in order to achieve the SRN films (stoichiometric Si 3 N 4 uses a gas flow ratio of 1:3). The samples were deposited at 835 C (standard temperature for stoichiometric Si 3 N 4 deposition) and 730 C (lowest temperature a) Electronic mail: smohammed@utdallas.edu b) Electronic mail: chris.hinkle@utdallas.edu used in the furnace for nitride deposition), and hence labeled hereafter as T835 and T730 respectively. The samples after deposition were cleaved and separate pieces of the same deposition were furnace annealed for 30 min at 800, 900, and 1000 C in N 2 ambient, respectively. The room temperature PL and PL time decay measurements were carried out using a Ti:sapphire laser, which was excited with 120 fs pulses at 405 nm at a repetition rate of 7.6 MHz and a power of 71 lW. Fourier transform infrared (FTIR) spectroscopy was performed using a ThermoElectron Nicolet 4700 spectrometer with Ge attenuated total reflectance setup to probe the various vibrational bonding structures within the SRN thin film. A mercury cadmium telluride detector was used to collect the FTIR spectra. X-ray photoelectron spectroscopy (XPS) was performed using a PHI 5800 spectrometer equipped with an Al Ka monochromated x-ray source (h ¼ 1486.7 eV), and the spectra were collected both for the surface and bulk (2 keV Ar-ion sputtering was performed for 5 min to probe inside the bulk of the deposited films). The thickness and optical properties of the films were investigated using a UVISEL phase modulated spectroscopic ellipsometer (HORIBA Scientific). The data were measured at an incidence angle of 70 over a range of 1.5-5.9 eV. A Nicolet Almega XR Dispersive Raman spectrometer was excited at 532 nm at room temperature to measure the chemical structure of the SRN and any QD precipitates that may have formed during anneal. A Rigaku Ultima III x-ray diffractometer (XRD) configured for grazing incidence angle was used to probe the crystal structure of the films. Finally, high-resolution transmission electron microscopy (HRTEM) images were obtained from a 200 kV field emission JEOL 2100F instrument.
Similarly processed SRN films with a thickness of 50 nm were used as the gate dielectric for metal-insulator semiconductor capacitors (MISCAP) to investigate the charge trapping due to the detected defect states. Aluminum was used as the gate metal and back contact for the MISCAPs. The capacitance-voltage (C-V) measurements were carried out at room temperature on a Cascade probe station using an HP4284 LCR meter. Figure 1 shows the photoluminescence spectra of the as deposited and 1000 C annealed samples of T730 and T835. Both samples exhibited strong PL emission in the visible spectral region with a maximum intensity at $645 nm (T730) and $680 nm (T835). However, the broad peak clearly has multiple peaks convoluted together. A detailed, selfconsistent, simultaneous fit was performed that indicated seven distinct peaks convoluted within the broad envelope. The corresponding energies and Gaussian widths of the individual peaks are listed in Table I . The peaks are assigned as P1 to P7 in increasing wavelength (decreasing energy). The relative changes in the PL peak intensities observed from T730 to T835 could be from either (1) C. The self-consistent, simultaneous peak fits show that there are seven distinct peaks convoluted together within the broad envelope. defect states within the nitride. We will now provide evidence that it is the latter of these two explanations and elucidate the chemical nature of these defects.
III. RESULTS
The time resolved PL spectra in Fig. 2 were measured at room temperature at the highest peak intensities for each sample (i.e., 645 nm for the T730 samples and 680 nm for T835) and were fitted using a double-exponential function
The extracted time constants s and their respective amplitudes A are listed in Table II . In all samples, the time constant s 1 was found to be in the sub-nanosecond range whereas s 2 was on the order of a few nanoseconds (less than 10 ns). The time signature for a quantum confined state is usually found to be a stretched exponential function with time constants ranging between tens to hundreds of microseconds 27 and vary depending on the size of the QD. 28 There are reports that Si-QDs can have carrier lifetimes in nanoseconds both in an oxide and nitride host matrix. 29 However, decay constants corresponding to tens of nanoseconds in Si-rich oxides were also attributed to radiative defects, 30 with such PL emissions reported in the 410-460 nm region. Since the time decay constants in our samples are very short, it is likely that the PL peaks arise from nonradiative trapping and recombination on surface states or at defect states within the Si-nitride, not QDs. 31 The extracted decay constants do not show any noticeable change for samples annealed at higher temperatures, indicating that the higher anneals had little to no impact on the dynamics of the defect states.
Figures 3(a) and 3(b) show the Si 2p XPS spectra for T730 and T835 annealed at 1000 C for the bulk (post-sputtering) of the film. The spectra were fitted using Voigt line shapes in conjunction with a Shirley background subtraction utilizing "AAnalyzer" software. 32 Detailed peak fitting of the Si 2p spectra shows two peaks centered at 99.5 eV and 100.9 eV corresponding to Si-Si and Si-N type bonding, respectively, as expected for Si-rich silicon nitride films. The N 1s spectra (not shown) confirm the Si-N bonding. The ratio of the Si-Si to Si-N integrated intensities (i.e., Si-Si peak area: Si-N peak area) is larger in T835 than T730, indicating that T835 is more Si-rich than T730. Additionally, the binding energy separation between the N 1s and Si 2p spectral regions is larger for T835 compared to T730, again revealing that T835 is more Si-rich.
A multicomponent Si-rich Si 3 N 4 ellipsometry model was constructed for determining the optical and structural properties of the thin film. The film thickness and volume fraction were determined using the Bruggeman effective medium approximation for silicon nitride. 33 The optical properties were obtained using the Tauc-Lorentz (TL) model. 34, 35 For a single transition, the imaginary part of the dielectric function is given by
where E 0 is the energy of the absorption peak, E g is the optical band gap, C is the broadening parameter, and A represents the oscillator strength. In calculating the band gap E g , the parameters from Ref. 34 were used to fit the data. The model was derived using the pre-defined dispersion formula in the DeltaPsi2 software where a combined layer of a-Si and a-SiN x was used on top of a c-Si reference. In addition, it was assumed that there were no voids within the SRN layer and the surface of the film was uniform. However, since the presence of surface native oxides was observed in the FTIR/XPS, a thin overlayer of SiO 2 was also included. The thickness and volume fraction were initially measured using the reference files of the materials with the optical constants fixed. The refractive indices, absorption coefficients, and the band gaps were then obtained by performing the fit using the TL parameters with the results shown in Table III . The data indicate (and are consistent with XPS and FTIR) the films to be comprised of two distinct, phase separated SRN regions with different compositions for both T835 and T730 (similar to precipitates in a host matrix). In each sample, the precipitate SRN regions are found to be very Si-rich with a Si:N ratio of 1.25 for T835 and 1.20 for T730 corresponding to a SRN with bandgaps of 2.5 eV and 2.7 eV, respectively. 36 However, only a small fraction of the total film volume is composed of this material (17% in T835 and 10% in T730). The host matrix SRN was found to have a band gap of approximately 4.9 eV and a Si:N ratio of 0.78 in both cases. These findings are consistent with the previously described XPS analysis and again confirm that T835 is more Si-rich than T730. We believe the detection of these precipitates within a host matrix indicates the onset of QD formation although these precipitates are not fully formed QDs. The relatively low density of these precipitates in conjunction with the high concentration of defect states leads to the PL spectra being dominated by nonradiative recombination with the fast time decay.
The FTIR spectra of these films are shown in Fig. 4 . The detector cuts off the spectra at 650 cm À1 which explains the drop in intensity below 700 cm À1 . The peak centered at 800 cm À1 is attributed to a Si-N stretching mode as a Si 3 -Si-N like bonding arrangement. 37 This chemical species corresponds to the very Si-rich precipitate SRN observed in the ellipsometry data. Hasegawa 38 previously observed a peak near 840 cm
À1
, which was assigned to be Si 2 -Si-N bonding. Lucovsky proposed that peaks arising within the range of 836 cm À1 to 854 cm À1 correlate with the Si 3 -Si-N stretching mode where a silicon atom is replaced with a H atom. 37 However, the absence of peaks in our data corresponding to Si-H (2126-2152 cm
) and N-H (1177 and 3340 cm À1 ) indicates that these samples have no residual hydrogen due to the elevated deposition temperature, despite the use of silane as a precursor. Therefore, the peak in our data, centered at 865 cm
, is attributed to a Si x -Si-N (x 2) bonding arrangement and correlates with the host matrix. These two peaks observed in the FTIR are consistent with the Si 2p spectra from XPS. We note the absence of a peak near 950 cm
, which other authors have observed as a N-rich SiN 4 bond. 39 The peak centered at 1065 cm À1 is due to surface Si-O-Si bonds, which do not play a role in the observed PL. XPS measurements confirmed the presence of C. The deconvolution gives two distinct peaks in both the samples, Si-Si (99.5 eV) and Si-N (100.9 eV) type bonding. The ratio between Si-Si peak area to Si-N peak area is larger in T835 than T730, indicating that T835 is more Si-rich than T730. surface oxides in the pre-sputtered films, which were not present in the bulk of the film (not shown). Raman measurements were performed on the samples to identify an amorphous or crystalline Si phase due to QDs in the film, yet no observable differences were noticed in the as deposited or annealed samples. XRD also did not show the evolution of crystalline Si in the film that would indicate the presence of a nanocrystalline quantum dot. The film was amorphous in nature, which was confirmed by HRTEM (not shown), further confirming that the PL emission was not due to Si-QDs.
C-V measurements were performed on SRN MISCAPs with an area of 0.03 mm 2 . As seen in Fig. 5 , a large hysteresis is observed in the samples signifying a large number of bulk traps present within the SRN thin film. The hysteresis is larger for the T835 sample indicating that this film has more bulk traps than the T730 sample. The relation N ¼ DV FB C max /e approximates the density of traps within the films which was calculated to be $4.4 Â 10 12 cm À2 to 6.0 Â 10 12 cm
À2
. The insets in Fig. 5 show a frequency dependent defect response observed at $À11 V, due to a large number of defect states at the Si substrate interface. This defect state "hump" increases for the T835 sample, again indicating that for higher deposition temperatures, more defect states are present than for the T730 sample. These electrical measurements indicate that with increasing deposition temperature and the resulting increase in Si content, Si-DB defect states increase which correspond to the increased intensity of certain PL peaks as well as the XPS, FTIR, and ellipsometry data. In total, the data suggests that the PL peaks and shift in PL intensity demonstrated in Fig. 1 is caused by composition-dependent defect state transitions and not QDs.
IV. DISCUSSION
After careful investigation using the aforementioned characterization techniques, it has been confirmed that a quantum confined state is absent within the matrix that would yield the peaks observed in the PL. Instead, we attribute the PL emission to defect states present within the SRN. The results observed from XPS, FTIR, ellipsometry, and C-V measurements are in clear agreement with a correlation between defect states and the PL peaks observed. The insets show the C-V measured at different frequencies. The "hump" observed at À11 V is due to a large number of defects present at the Si-wafer SRN interface. In T835, the hysteresis and hump increases, indicating a larger concentration of defects present in T835 compared to T730 and correlating with increased Si DB concentrations in the more Si-rich sample.
In order to account for the multiple PL emission peaks, a model for the LPCVD grown SRN is proposed that combines the two separate SRN materials with distinct band gaps (as described in the ellipsometry data) in the form of a complex structure as shown in Fig. 6 . The thin film consists of defect states arising from Si-and N-dangling bonds. The neutral Si-DB, otherwise known as the Si 0 center is located energetically near mid-gap in silicon nitride. Due to charge transfer, the neutral Si-DB can have charged states, Si þ and Si À , which are energetically located on either side of the Si 0 center. The N-DB has been calculated near the valence band of the silicon nitride. 40 In highly Si-rich materials such as these, the Si-centers are the predominant defect states present. The energetic positions of the Si-and N-DBs, with respect to vacuum, are believed to be fixed, regardless of the film stoichiometry.
By considering the above model, we propose the following intermediate transitions between the band edges and the defect states (see Fig. 6 ) that correlate with the observed PL peak intensities. The peak intensities in the PL for most of the peaks emerge from a single energy transition while one of the peaks may utilize multiple energy transitions. 41 Peak P1 (2.3 eV) is assigned to a transition from the host matrix conduction band to a positively charged Si dangling bond state (E c ! Si þ ). Peak P2 (2.09 eV) is attributed to a transition from the host matrix conduction band to the negatively charged Si dangling bond state (E c ! Si À ) with additional contribution from the equivalent magnitude energy transition from that charged Si dangling bond state to a nitrogen dangling bond (Si À ! N À ). P3 (1.94 eV) corresponds to the transition from the positively charged Si dangling bond state to the nitrogen dangling bond state (Si þ ! N À ). Those first three peaks are each associated with the defect states and band edges of the host SRN matrix. With the increase in the deposition temperature, the peak intensities for P1, P2, and P3 are observed to decrease as the sample gets more Si-rich (i.e., the precipitates become a larger percentage of the film and there is a concomitant decrease of the percentage of the film that is the host matrix). As the concentration of the host material decreases, the transitional probabilities related to the PL intensities decrease as well. Peaks P4 (1.81 eV), P5 (1.71 eV), and P7 (1.62 eV) are attributed to transitions associated with the precipitate SRN that correspond to transitions from the three charge states of Si dangling bonds to the precipitate valence band edge, respectively (i.e., Si À ! E v , Si 0 ! E v , and Si þ ! E v ). The intensities of these peaks are observed to increase at higher deposition temperature, again due to the fact that the increase in the concentration of the precipitate SRN and the increased Si content within the precipitate increases the probability of those defect state transitions. Finally, peak P6 at 1.66 eV (746 nm) is observed to have a narrower Gaussian width compared to the other peaks. The origin of this transition is unknown at this time.
V. CONCLUSION
Si-rich silicon nitride films grown by LPCVD and furnace annealed have been investigated to understand the origin of the complex PL spectra observed. The PL spectra originating from these samples are not due to quantum confinement, but from Si-and N-dangling bond defect states within the material. Detailed correlation between multiple spectroscopic techniques has established that the SRN films have two distinct, phase separated SRN regions with different compositions, a highly Si-rich precipitate (the onset of a Si QD) and a Si-rich host matrix. The defects present in (Fig. 1). both regions of the SRN material account for transitions, which correlate with the intensities of the deconvoluted peaks in the PL. The changes in the PL intensities are related to an increase in the Si-content for depositions performed at higher temperature. The defect states of the SRN therefore play a significant role in the material properties and are very important to consider when investigating these materials for QD applications.
